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I.  RESEARCH  OBJECTIVES 


The  purpose  of  this  contract  has  been  the  study  of  new  techniques 
and  devices  for  obtaining  tunable  radiation  across  wide  regions  of  the 
electromagnetic  spectrum.  Progress  during  the  contract  period  has  been 
outstanding.  Principal  accomplishments  include:  the  construction  and 
demonstration  of  the  first  optical  parametric  oscillator  operating  in 
the  fyz  to  lip.  spectral  region;  and  the  proposal  and  demonstration  of 
the  first  nonlinear  optical  technique  for  access  to  the  vacuum  ultra¬ 
violet.  A  brief  technical  summary  of  these  projects  and  also  of  the 
iodine  laser  project  is  given  inr^fhnr’folluwing^. 


II.  TECHNICAL  SUMMARY 


A.  CdSe  INFRARED  PARAMETRIC  OSCILLATOR 

The  preliminary  measurements  verifying  the  gain,  phase  matching, 
and  quality  of  CdSe  have  been  published  in  a  paper  titled  "Efficient 
Parametric  Mixing  in  CdSe".  A  reprint  of  this  paper  is  included  as  an 
appendix  to  this  report. 

We  have  carried  out  measurements  of  threshold,  conversion  efficiency, 
bandwidth,  and  damage  threshold  of  the  CdSe  infrared  parametric  oscillator. 
The  principal  results  were  presented  in  an  invited  paper  at  the  Montreal 
Quantum  Electronics  Conference.  They  also  appear  in  a  preprint  of  a  paper 
titled  "Singly  Resonant  CdSe  Infrared  Parametric  Oscillator",  which  is  also 
included  as  an  appendix. 

The  important  result?  of  the  study  to  date  are  that  CdSe  crystals  are 
available  in  high  quality  up  to  3*6  cm  in  length,  the  calculated  and  mea¬ 
sured  oscillator  threshold  agree,  the  resonant  signal  wave  at  2.2 \i  does 
cause  crystal  surface  damage  due  to  its  high  resonant  intensity,  and  reso¬ 
nating  the  idler  wave  at  9 to  10. 6^  eliminates  the  damage  problem  due 
to  the  reduced  power  density  at  the  idler  frequency.  These  results  are 
more  fully  discussed  in  the  reprint  describing  the  CdSe  oscillator. 

At  this  time  we  have  received  a  new  3-6  cm  long  CdSe  crystal.  The 
crystal  has  been  polished  and  antireflection  coated  at  10|i  for  use  in  an 
oscillator.  This  crystal  has  less  than  0.01  cm  ^  absorption  loss  v?  ich 
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is  comparable  to  the  best  loss  reported  for  CdTe  .  We  expect  the  re¬ 
duced  loss  to  allow  considerably  higher  average  power  operation  of  the 
CdSe  oscillator. 


Resonating  the  idler  wave  at  lOp.  involves  considerable  expense  for 
infrared  optics.  We  have  used  GaAs  mirrors  in  the  past  but  find  the 
lack  of  visible  transmission  and  the  very  high  index  of  refraction  to 
be  disadvantageous.  We  have  therefore  spent  some  effort  testing  pos¬ 
sible  mirror  substrate  materials  including  germanium,  CdTe,  CdSe,  CdS, 
silicon,  and  GaAs  .  We  have  also  considered  various  salts.  Of  these, 
CdS  appears  to  offer  the  most  advantages  at  the  least  cost.  Therefore, 
we  have  ordered  CdS  mirror  substrates.  The  substrates  will  be  polished 
at  Stanford  and  properly  coated  at  a  nearby  laser  company.  The  coating 
is  expected  to  cover  the  9*8m  to  12p  region  with  99 $  reflectance. 

We  have  angle  tuned  CdSe  from  9*6(i  to  10.4m  before  being  limited  by 
crystal  geometry.  We  expect  to  extend  the  tuning  range  by  two  means: 
first,  by  using  a  75°  cut  crystal  so  that  angle  tuning  is  possible  from 
90°  to  60°  which  gives  the  full  9*0p  to  15m.  \  and  second,  by  pumping  a 
90  cut  crystal  with  a  tunable  pump  source.  An  appropriate  tunable  pump 


is  the  LiNbO^  parametric  oscillator  pumped  with  1  .52m  Nd:YAG  laser.  This 
oscillator  pumped  CdSe  oscillator  would  give  0*9u  to  J>\x  output  from  LiLbO^ 
and  1.8m.  to  4m  and  8m  to  15m  output  from  CdSe  .  Such  a  source  would  be  of 


considerable  value  for  many  spectroscopic  experiments  in  the  infrared. 


B.  PHASE  MATCHED  THIRD  HARMONIC  GENERATION  IN  METALLIC  VAPORS 

Present  nonlinear  optical  crystals  either  become  opaque  or  are  not 
phase  matchable  for  wavelengths  shorter  than  about  2500  X  .  To  extend 
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laser  techniques  into  the  vacuum  ultraviolet  and  perhaps  soft  x-ray  re¬ 
gion  of  the  electromagnetic  spectrum  we  have  proposed  a  technique  of 
phase  matched  third  harmonic  generation  and  frequency  summing  in  mix¬ 
tures  of  metallic  vapors  and  inert  gases.  Metallic  vapors  are  par¬ 
ticularly  appropriate  for  nonlinear  optical  processes  of  this  type  due 
to:  first,  their  very  large  nonlinearities  which  result  from  frequency 
resonances  interspaced  in  the  spectral  region  of  interest;  and  second, 
as  a  result  of  the  fact  that  in  many  cases  they  are  negatively  disper¬ 
sive.  The  key  proposal  is  to  make  use  of  the  negatively  dispersive 
metallic  vapor  mixed  with  a  normally  or  positively  dispersive  inert 
gas  in  a  ratio  to  obtain  phase  matching  over  reasonably  long  cell 
lengths.  During  the  previous  contract  period  this  idea  was  proposed 
and  a  first  experimental  demonstration  of  tripling  of  1.064p  in  a  mix¬ 
ture  of  rubidium  and  xenon  was  undertaken.  In  more  recent  work  we  have 
carried  out  detailed  quantum  mechanical  calculations  of  the  nonlinear 
susceptibilities  ar.d  of  saturation  processes  which  are  inherent  in  this 
process.  Most  recently,  generation  of  vacuum  ultraviolet  radiation  at 
1775  R  t  1520  R  ,  and  1182  X  has  been  demonstrated. 

We  note  that  the  work  on  this  project  is  jointly  supported  by  con¬ 
tracts  with  NASA,  with  the  Office  of  Naval  Research,  and  with  the  Air 
Force  Cambridge  Research  Laboratories. 

C.  OPTICALLY  PUMPED  MOLECULAR  I, LASER 

We  have  completed  initial  analysis  of  the  optically  pumped  I 
laser.  The  results  have  recently  been  published  and  are  Included  in 
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the  appendix.  The  I£  molecular  laser  was  also  presented  at  the  Quantum 
Electronics  Conference. 

The  molecular  laser  is  of  considerable  interest  to  spectros- 
copists  and  to  laser  frequency  stabilization  workers.  We  believe  that 
the  technique  of  optically  pumping  molecules  will  be  extended  to  other 
systems  in  the  infrared,  visible,  and  ultra’iolet.  Indeed,  extensions 
of  optical  pumped  molecules  to  the  far  infrared,  and  to  the  C02  mole¬ 
cule  have  recently  been  reported. 

Work  on  I?  may  be  extended  at  this  laboratory  to  other  molecules. 
In  particular,  we  are  interested  in  using  the  CdSe  oscillator  in  the 
9 ,6^  to  15n  region  as  a  pumping  source  for  infrared  molecules. 
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Efficient  Parametric  Mixing  in  CdSet 

R.L.  Herbst  and  R.L.  Byer 

Microwave  Laboratory ,  Stanford  University ,  Stanford ,  California  94305 
(Received  25  August  1971) 

We  have  obtained  the  first  phase- matched  nonlinear  Interaction  In  CdSe  and  have  observed  a 
35$  conversion  efficiency  for  mixing  10. 6  ji  with  a  pump  at  1.833  v  to  generate  a  signal  at 
2. 2  /!.  The  mixing  process  phase  matches  at  77*  to  the  optic  axis  and  confirms  the  predicted 
phtse- matching  angle.  The  measured  nonlinear  coefficient  value  of  2.5xio*22  mks  agrees  with 
previous  results.  The  mixing  experiment  shows  than  an  angle-tuned  or  pump-tuned  Infrared 
parametric  oscillator  is  possible  using  CdSe  as  the  nonlinear  element. 


CdSe  has  been  proposed  as  a  potential  nonlinear  ma¬ 
terial  in  the  infrared  spectral  region. 1  Its  nonlinear 
coefficient  has  been  previously  measured2  and  re¬ 
cently  remeasured.1  However,  the  previous  index-of- 
refraction  and  birefringence  data4'5  did  not  allow 
phase -matching  curves  to  be  predicted.  We  have  re¬ 
measured  the  refractive  index  of  CdSe  and  have  veri¬ 
fied  that  it  phase  matches  over  an  extended  region  in 
the  infrared. 

CdSe  has  a  wurtzlte  structure  with  6  mm  point-group 
symmetry.  The  components  of  nonlinear  polarization 
are 

PM  =  2dltE£„ 

P,  =  2duEf„  (1) 

P^dnEl+dnEl+dnEl 


where  rf31  =  <fi9  by  Klelnman’s  symmetry.  For  a  posi¬ 
tive  birefrlngent  crystal  only  type -II  phase  matching 
Is  allowed  with 

U>J  =  U>2  +  U>! 

and 

«Su>3  =  2  +  wju>4  •  (2 ) 

Figure  1(a)  shows  the  transmittance  of  as-grown 
CdSe  and  selenium-compensated  CdSe.  The  material 
grows  selenium  deficient  and  must  be  compensated 
following  growth  to  obtain  semi -Insulating  crystals 
with  resistivities  of  10*  0 cm.*7  When  properly  com¬ 
pensated  the  transparency  extends  to  25  p,  where  it 
is  limited  by  two-phonon  absorption.  We  compen¬ 
sated  as-grown  CdSe  crystals  by  heating  the  crystals 
in  a  2-atm  selenium  vapor  for  two  weeks.  Compen- 
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WAVELENGTH  (MICRONS) 


(a) 


WAVELENGTH  (MICRONS) 
(b) 


FIG.  1.  (a)  Transmittance  of  CdSe;  dotted  curve  for  as- 
grown  crystals,  solid  curve  for  selenium -compensated 
crystals,  (b,1  Index  of  refraction  of  CdSe. 

sated  crystals  from  Gould  and  Materials  Research 
Corp.  showed  the  expected  improved  transparency. 

Although  other  nonlinear  crystals  have  a  higher  fig¬ 
ure  of  merit  for  nonlinear  applications  in  the  infra¬ 
red  than  CdSe, 3,0,9  few  of  these  materials  have  the 
high  optical  quality  necessary  for  device  construc¬ 
tion.  To  accurately  determine  the  optical  quality  of 
CdSe  we  measured  the  absorption  coefficient  at  10.6 
4  using  a  calorimetric  technique. 10  From  previous 
theoretical  considerations  wc  expect  the  absorption 
to  be  similar  to  the  values  measured  for  high-resis- 
tivity  GaAs  of  0.02  cm-1. 11  The  measured  absorption 
for  CdSe  is  0.032  cm"1  which  compares  favorably 
with  the  GaAs  value.  In  addition,  the  measured  value 
for  CdS  is  0.026  cm’1  and  for  Ag3AsS3  (proustite)  is 
1  cm’1  at  10. 6  4. 

Figure  1(b)  shows  a  plot  of  the  CdSe  indices  of  re¬ 
fraction  vs  wavelength  in  the  transparent  region. 
Table  I  lists  the  measured  values.  The  data  are 
taken  using  the  prism  technique  and  a  reflecting- 
optics  index-of -refraction  table  similar  to  that  de¬ 
scribed  by  Bond.4  Diffraction  due  to  the  prism's  size 
limits  the  accuracy  of  the  index  measurement  to 
parts  in  the  fourth  decimal  place. 

We  fit  the  index-of -refraction  values  with  a  double - 
pole  Sellmeier  equation  to  obtain  an  analytical  ex¬ 


pression  for  nQ{\)  and  «#(\).  These  expressions  are 
then  used  with  the  phase -matching  condition  given  by 
Eq.  (2)  to  calculate  tuning  curves.  CdSe  is  positive 
birefringent  with  enough  birefringence  to  allow  off- 
degeneracy  phase  matching.  However,  the  birefrin¬ 
gence  is  insufficient  to  allow  phase -matched  second- 
harmonic  generation. 

Figure  2(a)  shows  the  tuning  curve  for  an  angle-tuned 
parametric  oscillator  pumped  with  the  1.833-4  line 
of  a  Nd  :  YAG  laser. 12  Also  shown  is  the  parametric- 
gain  bandwidth  for  a  1 -cm -long  crystal. 13  Figure  2(b) 
shows  a  tuning  curve  for  collinear  phase -matched 
CdSe  pumped  with  a  tunable  pump  source.  In  this 
configuration  CdSe  is  an  infrared  frequency  converter 
with  output  wavelengths  in  the  2—4 -4  and  8— 12-4 
regions  for  pump  wavelengths  between  1.5  and  3  4. 
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FIG.  2.  (a)  Angle-tuned  CdSe  parametric  oscillator  pumped 
with  1.  833  p  .  lb)  Collinear  phase-matched  pumped -tuned 
CdSe  frequency  convert  r. 
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FIG.  3.  Schematic  of  parametric  mixing  experiment. 


A  potential  pump  source  is  a  LiNb03  parametric  os¬ 
cillator.14 

Although  CdSe  has  high  transparency  and  optical 
quality,  it  is  useful  to  measure  its  nonlinear  proper¬ 
ties  prior  to  attempting  the  construction  of  a  para¬ 
metric  oscillator.  Second -harmonic  generation  (SHG) 
is  not  possible,  so  that  the  measurement  of  the  non¬ 
linear  coefficient  and  birefringence  uniformity  by 
(SHG)  cannot  be  applied. 15  However,  mixing5*  le~18  of 
the  C02  wavelength  at  10.6  p  with  1.833  p  to  gene¬ 
rate  2.2  p  phase  matches  at  77°  according  to  Fig. 

2(a). 

Figure  3  shows  a  schematic  of  the  mixing  experi¬ 
ment.  The  pump  laser  is  a  Q-switched  Nd  :  YAG 
laser  operating  at  1.833  \i  with  up  to  2-kW  peak 
power  in  a  200 -nsec  pulse  The  C02  laser  is  a 
1-W  cw  laser  with  feedback  control  providing  ampli¬ 
tude  stability.  An  InAs  detector  detects  the  gener¬ 
ated  signal  at  2.  2  /i  following  a  polarizer  and  filter. 

A  motor -driven  stage  rotates  the  CdSe  crystal  so 
that  the  phase -matching  angle  and  sin  2(&kl/ 2)  sig¬ 
nature  can  be  accurately  plotted. 

The  power  generated  by  parametric  mixing  for  a 
crystal  of  length  Z  is 

/>2(/)=/>,(w2/w1)sinh2(n),  (3) 

where  P,  is  the  input  power  and  r  is  the  gain  param- 
eter  given  by 

r  =  (2t71tj2773cl»  PJA  )l/i,  (4) 

where  tj  is  the  impedance,  d3l  is  the  nonlinear  coeffi¬ 
cient,  and  P3  is  the  pump  power.  For  a  conversion 
efficiency  of  less  than  50%,  sinh(n)*n  so  that  Eq. 

(3)  reduces  to 

Pa(Z)=  2nAn2n3wSd3ai  +  •£ )l2  sine2  tiki/ 2,  (5) 

where  we  include  the  momentum  mismatch  factor 
and  A  ~  ir(w?  +  w\)  for  Guassian  beams.  Here  we  as¬ 


sume  that  focusing  is  such  that  the  crystal  length  and 
not  the  aperature  length  limits  the  inter¬ 

action.  19  For  the  present  case  we  calculate  Z^-2.64 
cm,  which  is  greater  than  the  crystal  lengths  of  0.6 
—1 . 0  cm. 

Equation  (5)  shows  that  d3l  can  be  determined  if  the 
ratio  P2(l)/P3  ari  the  average  power  Px  are  known. 
Experimentally  the  measurement  is  straightforward 
and  leads  to  an  accurate  value  for  d3l. 

In  the  present  experiment  we  use  a  0. 6-cm-long 
crystal  of  CdSe  A  single  detector  measures  the  ra¬ 
tio  of  2.2-p  power  to  1.833-4  power  using  calibrated 
filters.  The  C02  laser  operates  cw  at  a  level  near  1 
W  as  measured  with  a  CRL  power  meter.  Using  the 
experimental  values  and  Eq.  (5)  we  find  that 

rf31  =  2.  5  xl0"22±  15%. 

Unlike  a  previous  measurement  of  d3l  for  CdSe,  this 
value  is  measured  directly  and  not  relative  to  GaAs. 3 

For  the  0. 6-cm  crystal  and  focusing  such  that  itw\ 

=  8.4  xl0“9  cm2  and  nwf  =  6. 4  x  10“4  cm2,  a  pump 
power  of  2  kW  corresponds  to  an  incident  power  den¬ 
sity  of  24  MW/cm2.  At  this  power  density  the  mea¬ 
sured  mixing  efficiency  is  35%.  Surface  damage  for 
CdSe  occurs  at  a  power  density  of  30  MW/cm2. 
Therefore,  if  improved  mixing  efficiency  is  desired, 
a  longer  crystal  must  be  used. 

The  measurement  of  the  sinc2(AZ?Z/2)  signature  for 
this  crystal  shows  a  phase -matching  angle  of  77°  and 
a  full  base  width  of  12° ±  1°.  This  external  angular 
base  width  compares  well  with  the  expected  value  of 
12.5°.  Measurements  on  a  second  1-cm-long  crystal 
verified  its  high  quality. 

These  results  show  that  CdSe  has  the  required  qual¬ 
ity  for  the  construction  of  an  infrared  parametric  os¬ 
cillator.  The  observed  mixing  efficiency  of  35%  cor¬ 
responds  to  the  same  parametric  gain.1  For  con- 


TADLE  I.  Measured  CdSe  indices  of  refraction. 
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struction  of  a  colllnear  phase-matched  single-reso¬ 
nant  parametric  oscillator  with  cw  pumping,  the  sin¬ 
gle-pass  signal  gain  must  exceed  the  round-trip 
power  loss  or 

rV  >  2  or,  ( 6 ) 

where  a  is  the  single-pass  power  loss.  For  a  1-cm 
crystal  with  2a =  0. 1,  the  required  pump  power  den¬ 
sity  to  reach  threshold  is  P/A  =  1.0  MW/cm*. 

In  practice  the  parametric  gain  must  exceed  loss  for 
a  time  duration  long  enough  to  allow  the  parametric 
fields  to  build  up  from  the  spontaneous  noise.  Typi¬ 
cally  this  requires  a  net  gain  of  140  dB.  For  a  2 -cm 
CdSe  crystal  pumped  with  a  10-MW/cm'  power  den  ¬ 
sity  in  a  5 -cm  cavity,  the  buildup  time  is  approxi¬ 
mately  30  nsec,  which  is  much  less  than  the  200- 
nsec  pump  pulse  length  available  at  1.833  p.  Under 
these  conditions  parametric  oscillation  should  be  ob¬ 
tained  in  CdSe  with  good  conversion  efficiency. 

In  conclusion,  we  have  demonstrated  the  first  phase- 
matched  nonlinear  interaction  in  CdSe  and  have  veri¬ 
fied  the  predicteu  Infrared  tuning  curves.  Using  a 
Q -switched  Nd  :  YAG  laser  operating  at  a  1.833-p 
wavelength  we  have  obtained  a  mixing  efficiency  of 
35%  at  2-kW  input  power.  This  corresponds  to  a  35% 
single- pass  parametric  gain  and  demonstrates  that 
parametric  oscillation  is  possible  in  CdSe.  We  have 
remeasured  the  nonlinear  coefficient  for  CdSe  and 
have  verified  previous  measurements  made  relative 
to  GaAs.  Finally,  we  have  proposed  a  CdSe  infrared 
frequency  converter  pumped  with  wavelengths  be¬ 
tween  1.5  and  3  p.  The  frequency  converter  can  op¬ 
erate  as  a  parametric  oscillator  with  outputs  between 


2  and  4  p  and  8  and  12  p  or  as  i  tunable  infrared  up- 
converter.  A  potential  pump  source  is  the  LiNbO. 
parametric  oscillator. 
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SINGLY  RESONANT  CdSe  INFRARED  PARAMETRIC  OSCILLATOR 


by 

R.  L.  Herbst  and  R.  L.  Byer 
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Stanford,  California 


ABSTRACT 

We  have  demonstrated  an  infrared  singly  resonant  parametric  oscil¬ 
lator  using  CdSe  as  the  nonlinear  crystal.  The  oscillator  operates 
vith  either  a  resonant  signal  near  2.2  p  or  resonant  idler  in  the  9*8  u 
to  10. U  n  region.  Using  a  Q-switched  NdrYAG  laser  operating  at  1.833  U 
as  a  pump  source,  we  have  observed  thresholds  of  yj)  W  and  up  to  UQffa 
conversion  efficiency.  The  angle  tuned  oscillator  operates  at  room 
temperature  with  a  2  cm’^  bandwidth. 
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.  SINGLY  RES0NAN’r  CdSe  INFRARED  PARAMETRIC  OSCILLATOR 
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We  have  recently  demonstrated  the  high  optical  quality  of  CdSe 
end  adequate  nonlinear  gain  for  efficient  parametric  converalon  by 
a  parametric  mixing  process.1  Earlier,  CdSe  had  been  proposed  as  a 
Possible  nonlinear  material  for  Infrared  parametric  oscillators.2 
Using  crystals  of  1.8  cm  and  2.1  cm  lengths,  ve  have  obtained  singly 
resonant  oscillator  (SRO)  operation  In  the  near  and  middle  Infrared 
at  2.2  p  and  fran  9.8  to  10.4  „  .  Operation  of  the  CdSe  oscillator 
in  the  middle  Infrared  has  significantly  Increased  the  spectral  cover 
age  previously  available  with  parametric  oscillators. 

Se  has  a  vurtlte  structure  with  6mm  point  group  symmetry.  It 
1.  positive  blrefrlngent.  Only  type  n  phasematching  Is  alloved  so 
that  the  energy  and  momentum  conservation  conditions  are 
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In  the  usual  limit  neglecting  pump  depletion,  the  parametric 

2 

gain  coefficient  is  given  by 


r2l2 


Wp  1 

niVP(coc)3  A 


(2) 


2  2 

vhere  P  =  (crtn  e/2)  Ie  I  A  and  A  «  «w J2  for  Gaussian  beams. 

P  Op'  P  P  P  V 

2  2 

For  the  present  SRO,  the  ratio  of  -t/b  ~  0.l6  ,  where  b  *=  v  k  =  w  <un/e 

3 

The  optimum  focusing  condition  for  a  doubly  resonant  oseillator'  is 

assumed  to  hold  for  the  SRO  ease  so  that  b*  b  *»  b,  and 

p  s  i 

A  «  (*/2)(v^  +  w^)  . 

For  the  present  2.1  em  CdSe  erystal  with  the  above  focusing,  the 

single  pass  gain  is  P  (  «  I.85  X  10"  .  Here-  we  have  used  the 

-22 

measured  value  of  d^  =  2.5  X  10  mks  from  Ref.  1.  Setting  the 

calculated  gain  equal  to  a  round  trip  eavity  loss  of  approximately  10^ 

which  is  primarily  due  to  the,  distributed  erystal  loss,  we  calculate  a 

threshold  of  5^0  W  .  The  measured  threshold  of  550-770  W  is  in  good 

agreement  with  the  theoretical  value. 

Figure  1  shows  a  sehematie  of  the  present  experiment.  We  use  a 

4 

Q-svitched  Nd:YAG  laser  operating  at  1.833  p  as  a  pump  source.  The 
laser  operates  at  room  temperature  with  up  to  5  kW  peak  output  power 
in  a  300  nsee  pulse  at  typieally  5  pps  .  The  I.833  p  source  is  not 
visible  on  an  infrared  image  eard  so  we  use  a  eollinear  1.15  p  HeNe 
laser  as  an  alignment  aid.  The  oseillator  operates  with  a  near  con- 
focal  cavity  with  fused  ciliea  mirrors  of  5*7  cm  radius  that  are  high 
reflecting  at  the  signal.  To  in  ure  singly  resonant  operation,  a 
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Brewster  onjjlc  fused  silica  plotc  is  inserted  in  the  cavity  with 
negligible  loss  at  the  resonant  signal  wave.  The  plate  simultaneously 
acts  as  an  output  coupler  for  the  orthogonally  polarized  9.8  ^  idler 
wave  which  is  detected  by  a  pyroelectric  detector. ^  A  fast  InSb 
■detector  monitors  the  signal  wave.  A  silicon  diode  preceeded  by  an 
-angle  phasematched  LilO^  doubling  crystal  detects  the  transmitted  pump 
wave.  We  have  measured  power  conversion  efficiencies  of  up  to  ^0^  by 
monitoring  depletion  of  the  transmitted  pump  wave. 

Figure  2(a)  shows  the  complete  angle  tuning  curve  for  CdSe 
calculated  frem  index  of  refraction  data.1  Also  shown  is  the 
calculated  gain  bandwidth 


Figure  2(b)  chows  the  measured  output  wavelength  as  a  function 
of  propagation  direction  with  respect  to  the  optic  axis.  The  solid 
line  is  the  theoretical  tuning  curve.  We  tune  the  oscillator  by  rotating 
the  CdSe  crystal  about  its  front  surface  and  simultaneously  translating 
the  cavity  mirror  to  compensate  for  beam  translation.  The  geometric 
aperture  of  the  crystal  limits  the  tuning  angle  to  a  maximum  of  78°  . 

The  threshold  increases  during  tuning  by  cos20  due  to  the  decrease 
in  the  effective  d^  .  The  entire  tuning  range  from  9.8  to  l5  ^  may 
be  covered  by  a  single  crystal  if  cut  at  a  75°  propagation  direction. 

The  aperture  length  at  a  75  propagation  direction  for  the  present  focus* 
ing  is  mjn  wg/p  e  6.3  cm  where  p  is  the  double  refraction  angle. 
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This  is  longer  than  the  crystal  length  go  that  vaikeff  is  not  a 
problem.  It  should  be  mentioned  that  CdSe  does  not  hove  enough  bire¬ 
fringence  to  phascmatch  over  the  middle  Infrared  region  from  4  to  8  \i  . 
The  pump  wavelength  that  gives  the  widest  tuning  range  from  3-3  to 
4.0  and  8.0  to  15  u  Is  2.7  u  ,  which  Is  near  the  intense  HF  laser 
lines . ” 

We  have  measured  an  oscillator  bandwidth  of  2.0  cm"*  at  2.25  u 

using  a  3/4  meter  Spcx  spectrometer.  This  is  less  than  the  calculated 

gain  bandwidth  of  9  cm  *  and  is  probably  due  to  operation  near  threshold. 

We  expect  to  reduce  the  oscillator  linewidth  significantly  by  use  of  an 

780 

intracavity  etalon  as  has  been  previously  reported.  ’ 

Crystal  surface  damage  limits  the  operation  of  the  oscillator  to 

less  than  two  times  above  threshold.  This  leads  to  insufficient  gain 

to  assure  good  pulse  to  pulse  oscillator  stability.  The  observed 

surface  damage  occurs  on  both  the  front  and  back  surfaces  of  the  CdSe 

crystal  and  is  due  to  the  resonant  signal  wave.  An  estimate  of  the 

circulating  signal  power  for  the  resonant  signal  is  seven  to  eight 

times  the  incident  pump  power  when  the  oscillator  is  2.4  above 

threshold.^  This  gives  a  signed  power  density  at  the  crystal  surface 

2 

near  the  measured  crystal  burn  density  of  30  MW/cra  assuming  a  Gaussian 

2(l)  2 

been  area  of  itw  . v  '  This  burn  density  corresponds  to  the  60  MW/cm 

11  2 
reported  by  Smith  et  al.  for  on  effective  area  of  «w  /2  . 

6 

We  note  that  by  resonating  the  idler  the  circulating  cavity  power 

is  reduced  by  the  photon  energy  ratio  cDg/a)^  •  In  addition,  the  idler 

2  2 

power  density  Ic  reduced  by  the  area  factor  jrwT/jtw  **  to  fn>. 

1’  S  S'  X 


.  In  our 


case  for  operation  far  from  degeneracy,  this  factor  is  (4.5)^  . 

Ve  resonated  the  idler  wave  using  5  cm  radius  GaAs  mirrors  with 
*“90^TefleetiTity  at  9*8  u  .  Due  to  the  increased  coating  and  crystal 
losses  the  threshold  was  greater  than  the  power  available  from  the 
pump  laser.  To  decrease  threshold  we  replaced  the  second  GaAs  mirror 
by  a  .gold  coated  mirror  which  reflected  the  pump,  signal,  and  idler 
waves.  This  round  trip  cavity  reduced  the  threshold  to  a  measured 
-level  of  2.33  kW  for  a  round  trip  loss  near  40$.  At  two  times  above 
threshold  the  resonated  idler  power  inside  the  cavity  was  only  0.4 
vhich  gave  a  power  density  below  the  crystal  burn  density.  The 
oscillator  operated  without  surface  damage  due  to  the  resonant  idler 
vave.  However,  the  GaAs -gold  mirror  cavity  acted  to  partially  resonate 
the  pump  wave.  The  enhanced  pump  field  inside  the  resonator  did 
damage  the  thorium  fluoride  anti reflection  coatings  but  not  the  crystal 
surface.  As  expected,  the  damage  was  independent  of  the  oscillator 
operation . 

CdSe  is  a  high  quality  nonlinear  optical  material  which  does 

not  show  birefringence  variations  or  index  inhomogeneltles  due  to 

Intense  laser  fields.  Its  intensity  damage  threshold  of  30  MW/cm^ 

2  2 

gives  a  maximum  T  -t  ■  2.94  for  a  1.833  u  pump  and  2.0  cm  crystal. 

At  this  time  crystals  up  to  3  cm  are  commercially  available1  with 

longer,  higher  quality  crystals  having  been  reported.  We  expect 

that  tunable  output  should  be  available  from  CdSe  singly  resonant  oscillators 

In  the  2  to  4  11  and  8  to  15  p  regions  without  crystal  burning  problems 

for  crystal  lengths  of  4  cm.  Crystals  of  this  length  have  one  third 

the  gain  of  4  cm  LiNbO^  crystals  and  should  operate  os  reliably  in  the 
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8R0  configuration. 

In  conclusion,  we  have  demonstrated  a  new  tunable  infrared  source 
-which  operates  at  room  temperature  and  is  conveniently  tuned  by 
crystal  rotation.  The  CdSc  singly  resonant  oscillator  significantly 
extends  the  spectral  range  available  from  existing  parametric  oscilla¬ 
tors.  It  promises  to  be  a  useful  and  convenient  noncryogcnic  source 
of  tunable  coherent  radiation  in  the  middle  infrared. 
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FIGURE  CAPTIONS 


Figure  1 


Figure  2 


Schematic  of  single  resonant  CdSe  infrared  parametric 
oscillator. 

(a)  Angle  tuning  curve  for  CdSe  for  a  1.833  p.  pump. 

(b)  Experimental  tuning  data  (points)  and  theoretical 
curve  (line). 
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R.L.  Byer,  R.L.  He  bst,  and  H.  Kildal 
Microwave  Laboratory ,  Stanford  U<. varsity,  Stanford ,  California  94305 

and 

M.D.  Levenson* 

Department  of  Physics,  Stanford  University ,  Stanford,  California  94305 
(Received  31  January  1972) 

We  have  observed  stimulated  emission  in  optically  pumped  molecular  iodine  vapor.  Laser 
action  occurs  in  more  than  150  individual  lines  which  span  the  spectral  region  from  544  to 
1.335  nm  for  excitation  by  the  530-nm  second-harmonic  wavelength  of  a  Q-switched  Nd :  YAG 
laser.  The  Iodine  laser  oscillates  for  input  puisc  energies  of  a  few  microjoulcs.  Approxi¬ 
mately  10*  individual  laser  transitions  may  be  excited  by  various  pump  frequencies. 


We  have  observed  stimulated  emission  in  optically 
pumped  molecular  Iodine  vapor.  A  (J-switched  Nd:  YAG 
laser  operating  at  various  second-harmonic  wavelengths 
pumps  selected  vibrational -rotational  levels  of  the 

electronic  transition. 1  This  leads  to  popu¬ 
lation  Inversion  between  the  excited  B  state  and  the 
higher  vibrational  levels  of  the  A"  state,  yielding  a  se¬ 
ries  of  molecular  laser  transitions  from  544  to  1.335 
nm. 

Pumping  an  8-cm  Brewster-angle  cell  at  room  tempera¬ 
ture,  we  have  obtained  peak  output  powers  of  1  W  in  a 
single  line  (618  nm)  at  0.5rr  conversion  efficiency.  We 
used  a  5. 5*X  transmitting  output  mirror  and  a  Drew.ster- 
angle  quart?,  prism  to  select  individual  lines.  For  the 
present  190-nsec  pump  pulse,  each  Iodine  molecule  is 


used  once,  and  the  maximum  output  power  Is  limited  by 
the  number  of  Iodine  molecules.  For  the  8-cm  cell  and 
a  19.5-cm  cavity,  the  laser  threshold  Is  as  low  as  a  few 
mlcrojouies  of  pump  energy. 

Recently,  stimulated  emission  across  the  far  infrared 
has  been  generated  by  optically  pumping  methyl  fluoride, 
ammonia,  and  other  molecules  at  10.6  p.a  Sorokin  and 
Lankard3  have  optically  pumped  molecular  cesium,  ru¬ 
bidium,  and  potassium  by  two-photon  absorption  fol¬ 
lowed  by  dissociation  into  excited  atomic  states,  produc¬ 
ing  stimulated  emission  between  the  atomic  transitions. 
Laser  action  has  not  been  previously  reported  In  molec¬ 
ular  iodine.  Atomic  iodine,  however,  lias  been  report¬ 
ed  to  lase  in  a  few  infrared  lines  when  pumped  by  a 
pulsed  high -voltage  electrical  discharge1  or  by  photo- 


DYER  el  al. 


(a) 


(b) 

FIG.  1.  (a)  High-rcsolutlon  absorption  and  fluorescence  spec¬ 
tra  of  I2  centered  at  530.  G  nm,  the  second-harmonic  output  of 
a  Nd  :  YAG  laser.  The  spectra  were  taken  by  tilting  a  2. 5-mm 
sapphire  ctrlon  within  the  Nd  :  YAG  cavity.  The  vibrational- 
rotational  numbers  of  Ihe  principal  l3  absorption  lines  are  indi¬ 
cated  with  their  calculated  wavelengths  in  air.  <b)  Resolved 
output  of  the  l2  laser  at  the  018-nni  wavelength  region.  See 
Table  II  for  wavelength  values. 


dissociation.  Except  for  organic  dye  iasers  which 
tunc  continuously  over  a  limited  region  of  the  spectrum, 
most  iasers  show  stimulated  emission  at  a  fow  discrete 


wavelengths.  Molecular  iodine  is  an  intermediate  case 
with  potentially  10*  discrete  laser  transitions  distributed 
through  the  visiblo  and  near  infrared  region.  Wv  ob¬ 
serve  laser  action  to  approximately  every  second  vibra¬ 
tional  level  of  the  ground  state  from  vH  -*2  ti  v *  =  73. 

The  largest  vH  is  determined  by  the  pump  wavelength 
ajid  the  right-hand  turning  point  of  the  B  state.  The 
missing  vibrational  transitions  are  due  to  unfavorable 
Franck -Condon  factors."*9  Each  transition  Is  a  doublet 
composed  of  the  H  and  P  transitions  separated  by  a  few 
angstroms. 

We  have  pumped  the  iodine  laser  with  the  second-har¬ 
monic  output  of  three  Nd  :  YAG  laser  lines  at  530.6, 

532. 0,  and  536.  7  nm.  Table  I  is  a  partial  list  of  iodine 
laser  wavelengths  observed  to  date.  Since  the  iodine 
absorption  spectrum  is  very  dense  near  530  nm  with 
more  than  ten  strong  lines  per  angstrom,  the  pump 
laser  with  a  line  width  of  0.2  A  pumps  more  than  one 
transition.  The  main  lines  of  the  iodine  laser  output 
therefore  consist  of  two  separate  doublets,  and  the  list¬ 
ed  iodine  laser  wavelengths  are  an  average. 

To  aiiow  selective  excitation  of  single  vibrational -rota¬ 
tional  levels,  we  inserted  a  2,5-mm-thlck  sapphire 
etaion  into  the  Nd :  YAG  laser  cavity.  This  simplifies 
wavelength  assignments  and  permits  accurate  determi¬ 
nation  of  iodine  laser  parameters.  The  etalong  narrowed 
the  bandwidth  of  t  ie  pump  laser  from  0. 8  to  0. 1  cm-1, 
and  by  tilting  the  etaion  the  laser  output  could  be  turned 
over  more  than  2.0  cm-1  to  selectively  pump  five  sepa¬ 
rate  iodine  transitions.  Figure  1(a)  shows  the  recorded 
high -resolution  absorption  and  fluorescence  spectrum  of 
Iodine  at  530.6  nm.  The  iodine  laser  oscillates  when 
pumped  at  each  of  the  indicated  absorption  lines.  Figure 
1(b)  shows  the  resulting  iodine  iaspr  output  at  618  nm 
taken  with  a  J-m  Spex  spectrometer.  The  first  spec¬ 
trum,  without  the  etaion  in  the  Nd:YAG  laser  cavity, 
shows  two  doublets.  Using  the  etaion,  these  are  re- 
solved  as  shown  in  the  next  two  spectra.  In  addition, 
the  increased  pump  tuning  range  due  to  the  etaion  allows 
pumping  of  three  new  transitions  shown  by  the  last  three 
spectra.  The  full  vibrational -rotational  assignment  is 
determined  by  comparing  the  experimental  wavelengths 
with  the  calculated  wavelengths  using  the  molecular 
constants  of  Steinfeid  et  al .*  and  LeRoy. 10 


TABLE  I.  Partial  list  of  observed  I2  molecular  laser 


wavelengths. 


Pump 

wavelength 

(nm) 

Iodine  laser  wavelengths 
(nm) 

555.0 

574,5 

588.0 

617.5 

649.0 

LMR* 

OJU,  O 

568. 0 

581.5 

602.5 

633.0 

664.5 

544.3 

651.1 

90G.0 

1005.3 

1107.3 

1329.1 

556.7 

659.2 

928.8 

1022.5 

1125.5 

1331.0 

569.7 

676.3 

929.5 

1024.5 

1135.0 

1332.4 

531.9 

576.4 

C93.C 

930.5 

1025.5 

1287.0 

1333.3 

590. 5 

711.4 

954.5 

1053.4 

1292.5 

1334.9 

601.8 

LMKa 

955.5 

1077.5 

1315.3 

619.8 

881.3 

996.3 

1078.8 

1319.2 

if.35.2 

901.7 

997.3 

110G. 6 

1328.2 

*  Limited  by  mirror  reflectance. 


OPTICALLY  PUMPED  IODINE  LASER 


i 


TABLE  11.  Comparison  of  measured  und  calculated 


wavelength*  In  air  for  the  I.  laser. 


Transition 

(nm) 

(nm) 

Difference 

35-13/1(107) 

617.730 

617. G76 

0. 054 

/WOO) 

618.325 

*18.267 

0.058 

34-13/1(89) 

617.970 

617.947 

0.023 

£(91) 

618.490 

618.441 

0.049 

34-13  A<84) 

617.520 

617.462 

0. 038 

pm 

617.990 

617.947 

0.043 

33-13/1(58) 

617.900 

617.  8G8 

0.032 

£(60) 

618.245 

618.193 

0. 052 

33-13  £(65) 

C18.580 

C18.  535 

0.045 

As  an  example,  Table  n  lists  the  calculated  and  mea¬ 
sured  wavelengths  for  the  G18-nm  laser  transition  for 
a  530. 6 -nm  pump.  The  measured  wavelengths  wcic 
taken  with  the  |-m  S0ex  calibrated  against  mercury 
lines  and  the  632.8-nm  HeNe  line.  The  0. 5-A  offset  in 
calculated  and  measured  wavelength  is  probably  due  to 
the  offset  error  in  the  spectrometer.  The  wavelength 
and  rotational  splitting  agreements  confirm  the  spectral 
assignments. 

In  addition  to  the  Brewster  prism,  a  1-cm  fused  silica 
etalon  was  inserted  into  the  iodine  laser  cavity.  The 
gain  linewidth  measured  by  tilting  the  etalon  was  1. 5 
GHz,  which  is  larger  than  predicted  by  Doppler  broad¬ 
ening.  This  is  due  to  the  expected  hypcrfinc  splitting  of 
laTIa,u*ia  which  has  either  15  or  21  hyporfine  compo¬ 
nents.  The  total  hyporfine  splitting  is  almost  1  GHz 
which  added  to  a  room -temperature  Doppler  full  width 
of  380  MHz  at  618  nm  gives  a  reasonable  agreement 
with  the  measured  value. 

We  have  solved  the  rate  equations  for  the  iodine  system 
and  have  derived  expressions  for  the  gain  and  saturation 
output  power.  The  total  lifetime  t9  of  the  excited  B  state 
depends  on  the  spontaneous  decay  time  /0  and  the  coiii- 
sional  quenching  time  /#  with  l/f,  =  l//0  +  l//f.  The 
spontaneous  decay  time  includes  both  fluorescence  decay 
to  the  ground  state  and  also  spontaneous  decay  into  an 
unbounded  iodine  state  that  dissociates.  Recent  esti¬ 
mates  suggest  that  at  low  pressures  approximately  30% 
of  the  excited  I3  molecules  decay  by  dissociation. 13 
Since  these  do  not  contribute  to  the  lasing  action,  this 
reduces  the  over-all  conversion  efficiency.  The  coiii- 
sional  quenching  time  depends  on  the  iodine  pressure. 

We  operated  the  cell  at  room  temperature  (25  °C),  which 
corresponded  to  an  iodine  pressure  of  0.  32  Torr.14 
From  Chutjiian  ct  al. 15  we  estimate  /0  =  900  nsec  and 
/#=r  191  nsec  to  give  /a  =  157  nsec.  The  rotational  and 
vibrational  relaxation  times  are  much  longer  such  that 
during  the  190 -nsec  pump  puise  there  is  negiigibie  cross 
coupling  between  the  rotation-vibrational  levels  within 
the  X  and  B  states. 

We  determine  the  gain  of  a  single  line  by  measuring  the 
time  delay  between  the  pump  pulse  and  the  onset  of  laser 
oscillation,  taking  as  the  threshold  the  time  tb  when  the 
laser  power  inside  the  cavity  has  built  tip  to  0.2  W.  This 
power  ievei  corresponds  to  4*10®  photons  in  the  cavity. 
Since  the  laser  builds  up  from  one  spontaneously  omitted 


photon,  we  can  write  the  threshold  condition  as 


dt*  20, 


0) 


where  g  Is  the  single  pass  gain,  c  is  the  single  pass 
loss,  and  L  is  the  cavity  length.  S9  - (d9/d9)S9  Is  the 
population  Inversion  of  the  laser  transition,  with  ATa  and 
ATa  the  upper  and  lower  laser  level  populations,  respec¬ 
tively,  and  d9  and  d9  the  degeneracy  factors.  Is  the 
equilibrium  molecular  density  of  the  rotational -vibra¬ 
tional  ground-state  level  being  pumped.  The  integration 
is  from  the  time  /f,  the  time  when  the  gain  first  sur¬ 
passes  the  loss,  until  the  time  the  laser  power  in  the 
cavity  reaches  the  defined  threshold. 


Below  threshold  ATa*0,  and  for  large  pump  powers  such 
that  the  pump  transition  is  rapidly  saturated,  /a*0. 
Since  the  ground-state  thermalization  time  is  much 
longer  than  the  laser  pump  pulse  and  the  upper-state 
decay  time,  we  can  derive  a  simplified  expression  for 
the  gain  calculated  from  the  laser  buildup  time, 


Of  +20/./cL 

^=(2/A)(iI7x^-V2/1ll’  (2) 

when  the  degeneracy  factor  dt*d9.  Table  m  lists  the 
measured  single  pass  gain  for  the  8-cm  iodine  cell.  The 
single  pass  loss  including  scattering,  absorption,  and 
output  coupling  Is  5%,  and  we  use  fa  =  157  nsec. 

The  theoretical  expression  for  gain  based  on  iodine 
molecular  parameters  is 


where  v  is  the  frequency,  l/t#|*  =  1.03Da, la  qp.  +  is  the 
Franck -Condon  factor,  Sv  is  the  rotational  line  strength, 
/(v-  v0)  Is  the  lineshape  function,  and  /  is  the  cell  length. 
We  consider  the  33-13  £(G 5)  transition  where  AT,  v 
=  0 f3,  which  Is  half  the  ground-state  population.  For 

the  present  iodine  ceil  AT0  fla=7. 3xl0ia  cm*3.  From 
Steinfeld  ct  al .*  q33  u  is  approximately  0.01.  The  line- 
shape  function  is  /(b)  =  (2/Av0)(ln2/7r)l/a  with  the  line- 
width  Ay0  =  1.5  GHz.  With  the  above  parameters  the 
calculated  gain  is  g=  19%  for  an  8-cm  ceil.  This  agrees 
weii  with  the  measured  value.  The  Franck -Condon  fac¬ 
tors  are  such  that  we  should  expect  approximately  the 
same  gain  for  ail  strong  laser  transitions. 


The  maximum  output  energy  per  pulse  is  limited  by  the 
total  number  of  molecules  N0  in  the  rotational-vibra¬ 
tional  ground -state  level.  With  V  equal  to  the  mode  vol¬ 
ume,  the  maximum  energy  in  a  doublet  is  Emu 
=  £ftu>Ar0  /«  F.  For  mode  matching  into  an  8-cm  cell  in  a 
14.5-cm  cavity  and  «7"=63,  we  calculate  £^  =  0. 10  pj 
for  the  laser  output  at  618  nm.  The  measured  maximum 
output  energy  is  0.054  pJ.  The  difference  is  mainly  due 
to  the  upper -state  losses  during  the  buildup  period. 


TABLE  Hi.  Single-pa**  gain  in  an  8-cm  I2  cell  at  25*C  for  a 
_ i)1  *33  to  v*  -13  laser  transition. 

L  (ern)  fi  (nsec)  g  (%) 

TU  80  19*3 

24  150  20*3 


DYER  e t  al. 


In  conclusion!  we  have  demonstrated  an  optically  pumped 
molecular  iodine  laser  with  a  multitude  of  iinosovor  an 
extended  frequency  range.  Besides  its  unique  properties! 
the  laser  can  provide  insight  into  the  spectroscopy  of 
iodine.  For  example,  accurate  wavelength  measure¬ 
ments  can  now  be  extended  to  the  dissociation  limit.  In 
addition,  the  gain  measurement  technique  described  in 
this  paper  leads  to  a  direct  measurement  of  Franck - 
Condon  overlap  factors. 
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